Small RNAs (sRNAs) are short (»50-200 nucleotides) noncoding RNAs that regulate cellular activities across bacteria. Salmonella enterica starved of a carbon-energy (C) source experience a host of genetic and physiological changes broadly referred to as the starvation-stress response (SSR). In an attempt to identify novel sRNAs contributing to SSR control, we grew log-phase, 5-h C-starved and 24-h C-starved cultures of the virulent Salmonella enterica subspecies enterica serovar Typhimurium strain SL1344 and comprehensively sequenced their small RNA transcriptomes. Strikingly, after employing a novel strategy for sRNA discovery based on identifying dynamic transcripts arising from "gene-empty" regions, we identify 58 wholly undescribed Salmonella sRNA genes potentially regulating SSR averaging an~1,000-fold change in expression between log-phase and C-starved cells. Importantly, the expressions of individual sRNA loci were confirmed by both comprehensive transcriptome analyses and northern blotting of select candidates. Of note, we find 43 candidate sRNAs share significant sequence identity to characterized sRNAs in other bacteria, and~70% of our sRNAs likely assume characteristic sRNA structural conformations. In addition, we find 53 of our 58 candidate sRNAs either overlap neighboring mRNA loci or share significant sequence complementarity to mRNAs transcribed elsewhere in the SL1344 genome strongly suggesting they regulate the expression of transcripts via antisense base-pairing. Finally, in addition to this work resulting in the identification of 58 entirely novel Salmonella enterica genes likely participating in the SSR, we also find evidence suggesting that sRNAs are significantly more prevalent than currently appreciated and that Salmonella sRNAs may actually number in the thousands.
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Introduction
Salmonella enterica serovars are rod-shaped, Gram-negative bacterium implicated in food-borne diarrheal and systemic disease, causing thousands of human deaths worldwide each year. 1, 2 This bacterium is a facultative anaerobe and chemoor-25 ganotroph capable of acquiring both carbon and electrons from D-glucose and other sugars. After ingestion by a new host, most Salmonella serovars invade the mucosal epithelium of the small intestine to produce inflammation and diarrheal disease. Some serovars can spread beyond the intestinal immune tissue 30 causing systemic infections (e.g., bacteremia and typhoid fever) and can also set up chronic infections within the gall bladder and may survive within macrophages long after symptoms of the primary infection disappear.
secondary messengers (e.g., cAMP and ppGpp), and 2-component sensor-kinase/response regulator systems. 4, 6, 7 However, 55 there are still many unknowns concerning the processes through which Salmonella serovars respond to and survive carbon-starvation. As hundreds of novel small RNAs (sRNAs) are just now being described, and since each of these represents a unique, undescribed genetic regulator, sRNAs may well provide 60 the necessary link to bridge some longstanding gaps in knowledge. Small RNAs (sRNAs) are short noncoding RNA sequences (50-200 base pairs) that regulate many cellular activities by binding to complementary target sequences within mRNAs (mRNAs) 65 to affect their translation. 8, 9 These molecules are found in numerous species across all domains of life. 10, 11 Until the turn of this century, sRNAs were largely an unknown and unexplored area of research, but they have recently been shown to modulate numerous physiological mechanisms and pathways in a number 70 of different organisms, from bacteria to humans. 9 While many sRNAs inhibit translation, others inhibit the mobility of the transposon from which they originated, some inhibit genomic locus transcription, and some can even exhibit positive regulation of mRNA expressions 75 through an uncharacterized mechanism(s). 9, [12] [13] [14] [15] That said, in most bacteria, sRNAs are transcribed as small, distinct transcripts containing nucleotide sequences that are either perfectly or imperfectly complementary to, and bind to, target sequences in one or more mRNAs, thereby regulat-80 ing the translation or degradation of the target mRNA (s). 16, 17 . Antisense sRNAs can be divided into 2 categories based on their location relative to their target gene. When the sRNA gene and its target gene partially overlap, the sRNA is referred to as a cis-sRNA. It is encoded on the 85 DNA strand opposite to the one encoding its target mRNA gene, and the resultant sRNA and mRNA transcripts complement one another perfectly over a short, finite region. 10 Researchers know little about the regulatory function(s) of cis-encoded antisense sRNAs, but it has 90 been hypothesized that some are expressed constitutively 9 In contrast, trans-encoded sRNAs are located at distinct sites on the chromosome from the genes that they regulate and are typically found in the intergenic regions of bacterial genomes 8 In addition, they do not require perfect 95 complementarity with their mRNA targets. 10 After binding to a mRNA transcript, a complementary trans-encoded sRNA typically labels the target mRNA for degradation by RNAses or directly inhibits translation by preventing ribosome binding. 17, 18 Most of the currently identified trans-100 encoded sRNAs in bacterial species bind to the 5 0 untranslated region (UTR) of mRNAs and prevent ribosomal binding. 17 Target sites, or sequences where a transencoded sRNA imperfectly complements and binds with an mRNA, are generally 10-25 bp long. 9 
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Bioinformatic prediction of sRNAs remains an inexact science, and determination of the function(s) of particular sRNAs is an even more daunting task. 10 That said, the advent of RNASeq and associated bioinformatic tools has now made the analysis of bacterial transcriptomic data considerably more exten-110 sive and efficient. Since it has been well established that the SSR of S. Typhimurium cells elicited by C-starvation results in global changes in metabolic pathways, many of which manifest in obvious phenotypic differences in relation to non-starved cells, 4 we hypothesized that C-starved Salmonella might express 115 unique sRNAs not observed in non-starved Salmonella, and non-starved Salmonella might likewise express sRNAs not transcribed under C-starvation conditions. Therefore, in this study we have attempted to identify and characterize novel sRNAs that are differentially expressed during the SSR by conducting 120 RNA-Seq of the S. Typhimurium strain SL1344 transcriptome grown under non-starvation and C-starvation conditions.
Results

S. Typhimurium differentially expresses sRNAs under different growth conditions
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To determine whether S. Typhimurium differentially expresses novel sRNAs in response to carbon-source starvation conditions, (non-starved) log-phase, 5-h and 24-h C-starved cell populations were generated, RNA was isolated, from the 3 cultures, and sequenced using a small RNA RNA-Seq protocol 130 resulting in roughly 6 million paired-end 100 bp reads for each culture ( Table 1) . As sRNAs typically originate from noncoding regions of the genome, we began by identifying all chromosomal intergenic regions longer than 50 bps from the SL1344 chromosome employing a methodology similar to previous 135 reports. 19, 20 In all, we identified 3,035 chromosomal locations meeting this criteria ( Fig. 1 ) then focused our search for novel sRNAs on these specific regions.
Next, following the identification of these S. Typhimurium gene empty locations, RNA-Seq reads from our 3 cell popula-140 tions were uniquely aligned to these intergenic regions using BLASTC. Strikingly, we found 2,620 of these regions significantly aligned to at least one of our unique transcriptome reads. As such, in order to limit our focus to those sRNAs that are differentially expressed between the 3 growth conditions, the total 145 number of reads aligning to each intergenic region was calculated for each condition and regions exhibiting significant, dynamic changes in transcription were selected resulting in the identification of 63 regions of interest (Fig. 2, Tables 2 and 3) . Reads aligning to these regions were then extracted and consolidated 150 into a consensus sequence representing a putative sRNA. In all, we identified 63 candidate sRNAs that warranted further investigation. Of note, although we describe each of our novel sRNAs as intergenic, in actuality 21 of these novel sRNAs do partially overlap the 5 0 or 3 0 ends of known protein coding gene loci. 21 and sRNA4236850 23 -via comparative analyses with the E. coli chromosome, 22 or as being expressed in early stationary-phase cultures grown in nutrient-rich medium2, or as being regulated by infection-relevant conditions 21 or as being associated with the Hfq RNA binding pro-tein, 23 respectively. Importantly, this indicates that 58 of the 63 sRNAs identified under the conditions tested here have not been previously reported in Salmonella or other Enterobacteriaceae. Figure 1 . Workflow for identifying candidate sRNAs. Reads belonging to a particular sample (e.g., log-phase R1) were aligned to excised intergenic regions of the SL1344 chromosome. "Read counts" file of a given sample showed the number of alignments to each individual intergenic region. Compilation of "read counts" files allowed for comparison of expression levels across all 6 samples for a specific intergenic region. 63 regions of interest were identified. Table 3 . Summary of putative sRNAs in actively dividing and SSR Salmonella enterica. This table lists the following characteristics of all candidate sRNAs: strand (plus / minus / both), known sRNA similarity, structure (HS/HP), putative targets and expression patterns log-phase, 5-h C-starved and 24-h C-starved cells. Several candidate sRNAs are related to known sRNAs in 185 other bacteria
As some of our predicted sRNAs would be expected to resemble known bacterial sRNAs, we next aligned our candidates to 3 non-coding RNA databases: Rfam, sRNATarBase and BSRD. [24] [25] [26] [27] Rfam is a repository for non-coding RNA families, whereas 190 sRNATarBase and BSRD exclusively house bacterial sRNAs. We found that 43 of the 63 identified sRNAs aligned significantly with known sRNAs and/or RNA elements from other bacterial species (Fig. 3, Supplementary File 1) . As indicated in Figure 3 and Supplementary File 1, many of our novel sRNAs share 195 100% or nearly 100% sequence identity across portions of their sequences to characterized sRNAs or other annotated noncoding RNA elements in other species. That said, it is important to note that we required alignments to meet one of 3 criteria in order to establish relatedness: 90% identity over 35bp, 80% identity over 200 40bp, or 70% identity over 60bp. While the majority of our alignments meet these criteria, we find none of our full length sRNAs perfectly aligned to any other bacterial genomes whereas each fully aligned to that of SL1344 confirming each of our sRNAs was specifically expressed from SL1344 and not from an 205 experimental contaminant. In addition, structural analysis of the candidate sRNAs using Mfold, suggests >70% of our sRNA candidates assume complex conformations similar to those commonly associated with known bacterial sRNAs ( Fig. 4 ; Supplementary File 2).
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Furthermore, since many of our novel sRNAs bore significant identity to annotated sRNAs in other species ( Fig. 3 ; Supplementary File 1), we decided to examine these related, characterized RNAs for additional similarities and insights into probable functions. Of note, we find homologous genomic 215 positions are generally similarly arranged; typically located intergenically but in close proximity to and often somewhat overlapping with protein coding loci (data not shown). That said, although we find no studies directly examining the responsiveness of any of these homologous sRNA loci to car-220 bon starvation in other species, excitingly, we do find one study 28 that did identify a sRNA (CrfA) in Caulobacter crescentus specifically induced upon carbon starvation which does bare~87% identity to a 34 nt portion of our putative sRNA3551252. While this alignment is below what we 225 generally required for relatedness ( Fig. 3 and Supplementary  File 1) , it is tempting to speculate that these 2 sRNAs may actually be homologous as both are strongly induced upon C starvation and both neighbor related transcriptional activators.
Alignment of candidates with putative targets
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As sRNAs function via binding to target mRNAs, we would expect our candidate sRNAs to have sequence complementarity to known SL1344 mRNAs. Strongly supporting the functional relevance of our candidate sRNAs, we find 57 of the 63 putative sRNAs either overlap the 5 0 or 3 0 ends of neighboring coding
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DNA sequences (CDS): mRNA, rRNA or tRNA loci; or share significant sequence identities to known mRNAs transcribed elsewhere in the SL1344 genome suggesting the function of the majority of these sRNAs is to regulate transcripts via antisense base-pairing. Of note, we found that all 63 candidate sRNAs 240 are within 300 bp of known SL1344 genes (Supplementary File 2), and while most of the adjacent genes code for mRNA transcripts, some harbor rRNA and / or tRNA genes. In all, our putative target genes include 57 cis-encoded and only 4 in trans.
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Not surprisingly, based upon the growth conditions employed to generate the cell populations from which our RNA was isolated, the majority of the putative targets for the candidate sRNAs identified here are involved in either some aspect of carbon-source metabolism / uptake (approx. 24% of 250 the targeted genes) or stress responses / protection (approx.
27% of targeted genes). The next 2 most targeted groups of genes are components of the translational / protein synthesis machinery including tRNAs, rRNAs and ribosomal proteins (approx. 13% of the targeted genes); as well as known and puta-255 tive regulators of transcription or translation (approx. 12% of the targeted genes). Most of the remaining putative targeted genes encode gene products involved in synthesis of bacterial structural components (approx. 6.5%) or hypothetical / unknown function proteins (approx. 16%). Interestingly, 6 of 260 the identified sRNAs did not exhibit complementarity to any known mRNA or noncoding RNA in the S. Typhimurium SL1344 genome.
Small transcript RNA gel blots
While our RNA-Seq analysis reproducibly generated hundreds 265 and more frequently thousands of unique cDNA reads arising from each of our 63 candidate sRNA loci (average number of distinct reads mapped to each locus D 6,469) providing substantial experimental support for each of our novel sRNA transcripts (Table 3) , we also elected to perform small transcript northern 270 blots for 2 of our putative sRNAs in order to: (1) definitively confirm sRNA transcripts are being transcribed from the loci identified in this work by a second experimental strategy and (2) to specifically determine approximate lengths of select sRNA transcripts. Figure 5A shows a small transcript RNA gel blot of 275 sRNA523910 largely agreeing with the relative expressions suggested for this sRNA by our NGS analyses (Table 3) . As expected, expression of this sRNA appears to be significantly induced after 5-h of C-starvation followed by a several fold increase in expression by 24-h of C-starvation. Importantly, simi- transcripts, as such, it is tempting to speculate that longer 4.5S antisense transcripts might be responsible for the higher molecular weight banding observed or a second RNA component of the signal recognition particle as previously reported 29 ( Fig. 5A) . Similarly, Figure 5B shows a small transcript northern blot of 290 sRNA2838164 also largely agreeing with the relative expressions suggested for this sRNA by our NGS analyses (Table 3) . That said, unlike sRNA523910, we find 2 significant, yet considerably shorter, transcripts arising from the sRNA2838164 locus consisting of approximately 20 and 35 nts.
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Discussion
There are still many questions concerning the processes through which S. enterica respond to and survive carbon- energy source starvation. This study focused on identifying previously uncharacterized sRNAs that S. Typhimurium strain 300 SL1344 transcribes in 3 different cell populations (growth conditions): (non-starved) log-phase cells, 5-h C-starved, and 24-h C-starved cells. Importantly, we now show that SL1344 does in fact differentially express numerous previously uncharacterized small RNA transcripts in response to the conditions to which 305 these 3 cell populations were exposed. Our RNA-Seq results yielded over 19 million reads that when mapped to the reference SL1344 genome allowed us to identify 63 intergenic regions corresponding to 58 specific, uncharacterized small RNA transcripts and 5 previously characterized sRNAs 310 (Table 3 ) that are dynamically expressed in response to carbonenergy source availability. As we find 5 of the sRNAs we identified have been previously, independently reported, and 43 of the remaining 58 novel sRNA candidates also significantly align to characterized sRNAs or RNA elements in other bacterial 315 species, we suggest these sequence relationships strongly corroborate our methodology and imply that many of our candidate sRNAs likely do represent previously uncharacterized sRNA molecules with potential regulatory roles in one or more phases of the SSR of Salmonella enterica.
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The putative target genes for many of our identified sRNAs, not unexpectedly, include genes encoding products involved in carbon-energy source metabolism or uptake, e.g., pyruvate dehydrogenase complex components, bifunctional acetaldehyde-CoA / alcohol dehydrogenase, mannose-specific PTS 325 EnzIID component, and galactose/methyl-galactoside ABC transporter binding protein; as well as gene products involved in other parts of metabolism including a putative lysine-specific permease, glutamine synthetase, a putative glutamate synthase and putrescine aminotransferase (Table 3 , Supplementary File 330 2). Although we do not yet know how these sRNAs specifically regulate these target genes, we do know that induction of pathways and transporter systems for alternative carbon-energy sources and other substrates is part of the overall SSR of S. Typhimurium (reviewed in 4 ). Another feature of the SSR is the 335 decline in the number of ribosomes in the cell from decreased production and increased degradation of ribosome components 4 ; thus the finding that tRNAs, rRNAs and ribosomal proteins are putative targets for several of the identified sRNAs is perhaps not too surprising (Table 3, Supplementary File 2) . Even 340 though we do not know how, or if, the sRNAs we predict to target rRNAs might function, we hypothesize that they have a positive effect on the expression / stability of these rRNAs since these sRNAs all exhibited the greatest number of reads in logphase cells with successively lower levels in 5-h and 24-h C-345 starved cells, respectively, where they would be less needed. If true, this would provide new and exciting insights into the regulation of the translational and protein synthesis machinery in Salmonella enterica. An important function of the SSR is the generation of cross-350 resistance to other stresses such as oxidative, acidic pH, thermal, osmotic and antimicrobial peptide-induced stress. 4 So it is not unexpected that the largest group of putatively targeted genes are known, or proposed, to play roles in responses to environmental stresses. Although, it remains experimentally 355 unresolved whether the sRNAs identified here regulate the targeted genes that encode for products such as a small heat-shock IbpA/B-like molecular chaperone, heat-shock Zn 2C -dependent protease/chaperone HptX, a putative Mn 2C -catalase, a glutathionine S-transferase, peptide-methionine sulfoxide reductase, 360 a periplasmic disulfide oxidoreductase and a FKBP-type peptidyL-prolyl-cis-trans-isomerase; these protein's functions could be important in helping the cell renature or degrade denatured proteins and resist or repair oxidative damage resulting from the stress. Interestingly, 2 sRNAs identified here putatively tar-get 2 regulators of biofilm formation in E. coli and Salmonella, bssR and csgD. 30, 31 A number of other sRNAs have been found to regulate biofilm formation, in part through CsgD; and, nutrient starvation is an inducer of biofilm formation. 31 Again, this strongly agrees with our hypothesis that many of these sRNAs 370 play regulatory roles within the SSR. In addition, several of the sRNAs identified here appear to target genes encoding putative (as yet uncharacterized) regulatory proteins and genes annotated to encode hypothetical proteins or putative inner and outer membrane proteins of unknown function (Table 3 , Sup-375 plementary File 2). Thus, this work may also potentially lead to the characterization of unknown and uncharacterized components of the SSR that warrant further investigation.
The sequence similarity between these transcripts and genes known or proposed to be involved in the starvation-stress 380 response suggests a real, functional role for the sRNAs identified here in either modulating the SSR or being involved in other uncharacterized regulatory networks, a possibility that seems even more likely given the conserved hairpin secondary structures of our candidate sRNAs ( Fig. 4; Supplementary File   385 2). Furthermore, significant sequence homology between some of the sRNAs identified here and previously known, but many still uncharacterized, sRNAs of other enterobacteria, and to some extent other enteric pathogens, indicates that these sequences are highly conserved. Further supporting potentially 390 important roles for these sRNAs in controlling the responses of these bacteria to environmental stresses, i.e. carbon-energy source starvation, that are relevant to common niches in the encounter in their life cycles.
As mentioned above, 58 of the 63 sRNAs identified here 395 have not been previously described. Importantly, a previous report examining the early stationary-phase following growth in nutrient-rich media recently brought the total number of identified S. Typhimurium sRNAs to 140. 2 To our surprise, we find only 2 of our candidate sRNAs were identified in this 400 work. As for the other 3 previously characterized sRNAs, one was previous identified using a strictly computational analysis of the E. coli chromosome, 22 one was identified in a study looking for sRNAs regulated by infection-relevant conditions 21 and one was identified as being associated with the Hfq RNA bind-405 ing protein. 23 As we find little overlap between the sRNAs involved in SSR and these other conditions, we now suggest the prevalence of sRNAs and sRNA regulation in prokaryotic systems including Salmonella enterica remains largely unexplored and signifi-410 cantly underappreciated. In all,~300 Salmonella enterica sRNAs have been previously reported (detailed in the SalCom database http://bioinf.gen.tcd.ie/cgi-bin/salcom.pl?_HL) meaning the 58 novel characterizations reported here now bring that number to just over 350. That said, however, we find there are 3,035 415 intergenic regions longer than 50 bps within the SL1344 chromosome, and 2,620 of these regions significantly align to at least one of our unique transcriptome reads.
In conclusion, our results indicate that sRNAs likely have many uncharacterized functions in the survival of Salmonella 420 enterica serovars in non-host and host microenvironments that warrant further investigation. Ultimately, the bioinformatic prediction of sRNAs requires experimental evaluation in order to be certain of its validity. In the future, we plan to experimentally confirm additional sRNAs identified in this work by RNA 425 gel blotting then begin characterizing the functional roles for many of our candidate sRNAs, particularly those we believe may function in the regulation of members of the SSR. More broadly, this work, along with several other recent reports identifying a wide range of novel prokaryotic sRNAs, strongly sug-430 gest that the prevalence and relevance of bacterial sRNAs is only beginning to be uncovered.
Materials and methods
Bacterial strains and media used
The wild type mouse virulent Salmonella enterica serovar 435 Typhimurium strain SL1344 (hisG46) was the bacterial strain used in this study. The minimal media used in this study was a MOPS-buffered salts (MS) containing 22.5 mM potassium phosphate and 10 mM ammonium chloride medium. Log-phase cells were 440 generated using MS medium containing 0.4% (w v ¡1 ) glucose (MS hiC). C-starved cells were generated using MS medium with 0.03% (w v ¡1 ) glucose (MS loC). Histidine was added at a final concentration of 0.2 mM.
Generation of non-starved log-phase and C-Starved cell 445 populations SL1344 was grown overnight in MS hiC medium at 37 C with shaking overnight (18-24-h ). Overnight cultures were diluted 1:100 into fresh MS hiC and fresh MS loC medium, and incubated with aeration/shaking at 37 C. Growth was monitored 450 spectrophotometrically at 600 nm (optical density at 600 nm; OD 600 ). MS hiC cultures were grown to an OD 600 of 0.3-0.4 to generate log-phase cells. MS loC cultures were grown until OD 600 stopped increasing due to exhaustion of glucose and then were C-starved for a total of 5-h and 24-h to generate 5-h 455 C-starved and 24-h C-starved cells, respectively. 6 Isolation and sequencing of SL1344 RNA Total RNA from the 3 SL1344 cultures (log-phase, 5-h and 24-h C-starved) was isolated with Trizol Ò (Life Sciences) per standard manufacture protocol and submitted to Otogenetics 460 (http://www.otogenetics.com/) for commercial RNA-Seq on an Illumina MiSeq genome sequencer using a small RNA protocol. For each culture, Otogenetics provided raw paired-end reads corresponding to~600 million base pairs. Adapter sequences were removed with cutadapt 32 and the reads were mapped 465 against the SL1344 genome using BWA-MEM. 33 
Identification of intergenic regions of interest
The chromosomal positions of all currently known genes were obtained using an annotated SL1344 genome from Ensembl. 34 As described in Fig. 1 , All regions longer than 50 nucleotides 470 that did not contain genes were extracted using an in-house Java program, and these sequences were aligned to the reads from the 3 RNA-Seq experiments using BLAST. 35 A "best hit" parameter was used to ensure individual raw reads only aligned to one location within the intergenic regions, and all the result-475 ing alignments were filtered by length (40bp) and percent identity ( 98%). The number of reads per unique unannotated region was calculated for each growth condition (log, 5-h and 24-h C-starved), and regions with a large number of alignments in either one or 2 of the cultures but not the other(s) were fur-480 ther characterized as regions of interest.
Identification and analysis of novel small RNAs (sRNAs)
Indexed BAM files representing RNA-Seq reads mapped to the annotated SL1344 reference genome were visualized using the graphical viewer Tablet. 36 Mapped reads within regions of 485 interest were seen as individual lines, and identical or overlapping reads were stacked into rows (Fig. 2) . Highly expressed (i. e., stacked) reads that mapped to intergenic regions of interest were extracted as text files, and these were consolidated into a consensus sequence representing one candidate small RNAs.
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BLAST was then used to align these candidate sRNAs to 3 noncoding RNA databases (Rfam, sRNATarBase and BSRD) in order to examine similarity to known RNAs. [24] [25] [26] [27] Mfold was used to predict candidate sRNA secondary structure. 37 To determine possible targets, each candidate sRNA (with 50 bp 495 upstream and downstream flanks) was aligned to all known SL1344 mRNAs as characterized by Ensembl. 24, 34 All known genes within 300 bp upstream or downstream of a given candidate sRNA were examined for potential sRNA regulation (Supplementary File 2).
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Small transcript northern blots
Total RNA from the 3 SL1344 cultures (log-phase, 5-h and 24-h C-starved) was isolated with Trizol Ò (Life Sciences) per standard manufacture protocol. A 15% acrylamide/bis-acrylamide (29:1) gel containing 8 M urea (48% (w/v)) and 1X TBE was 505 prerun for 30 min at 100 V in a vertical mini-PROTEAN tank (Bio-Rad). Gels were flushed and loaded with 10 mg of total RNA in 2X TBE/Urea sample buffer (Bio-Rad), then run at 200 V until the bromophenol blue dye front reached the gel bottom. As a size reference, 1 ml of pooled, commercially syn-510 thesized biotin 5 0 end-labeled DNA oligonucleotides (25, 50 and 200 bp each at 1 mM) was also loaded in 2X TBE/Urea sample buffer. After removal from the electrophoresis plates, gels were gently rinsed with water then washed in 0.5X TBE for 5 min on an orbital shaker. After electrophoresis, RNA was 515 electro-transferred (Mini Trans-Blot Electrophoretic Transfer Cell apparatus, Bio-Rad) to Biodyne B Pre-cut Modified Nylon Membranes 0.45 mm (Thermo Scientific) for 2 h at 20 V in 0.5X TBE. After removal from the transfer stack, membranes were gently washed in 1X TBE for 15 min on an orbital shaker, 520 then UV cross-linked at 1200 kJ (Stratalinker, Stratagene). Prehybridization was performed in North2South Ò Hybridization Buffer (Thermo Scientific) at 42 C for 30 min, after which 30 ng (per milliliter of hybridization buffer) of each appropriate biotin 5 0 end-labeled oligonucleotide was added directly to the 525 hybridization buffer as probe.
probe2838164 5pBio-AGTATGAAGCTGGTCAATGTT probe523910 5pBio-GGAAGGAAGCAGCCAAGGCAG Blots were hybridized overnight with gentle rotation at 42 C. Hybridization buffer was removed the following day, and 530 membranes washed and developed using the Thermo Scientific TM North2South Ò Chemiluminescent Hybridization and Detection Kit per manufacturer instructions then imaged on a LI-COR C-DiGit Chemiluminescent Western Blot Scanner.
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